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weak r 
process?  
LEPP? 

r process:  

heavy elements 
built up by rapid 
neutron captures 
(n,γ) and beta 
decays 

Burbidge, Burbidge, 
Fowler, Hoyle (1957) , 
Cameron (1957) 

νp process: heavy elements built up 
by proton captures (p,γ) and beta 
decays; waiting points bypassed by 
(n,p), (n,γ) with neutrons produced 
via 

€ 

p + ν e → n + e+

Frohlich et al (2006), Pruet et al 
(2006), Wanajo (2006) 

e.g., Qian & Wasserburg (2001), 
Woosley & Hoffman (2002), 
Arcones & Montes (2011) 
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 neutrinos and primary nucleosynthesis 

p+νe ↔ n+ e+

n+νe ↔ p+ e−

R Surman 
Union College 
INFO13 



 neutrinos and primary nucleosynthesis 

p+νe ↔ n+ e+

n+νe ↔ p+ e−

R Surman 
Union College 
INFO13 



 neutrinos and primary nucleosynthesis 

p+νe ↔ n+ e+

n+νe ↔ p+ e−

R Surman 
Union College 
INFO13 



 late-time supernova neutrino-driven wind 

PNS 

ν 

€ 

p + ν e ↔ n + e+

n + ν e ↔ p + e−

€ 

Eν x
≥ Eν e

> Eν e

late-time ν fluxes from Keil et al (2003) 
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e.g., Meyer et al (1992), Woosley et al (1994), Takahashi et al (1994), Witti et al (1994), Fuller & 
Meyer (1995), McLaughlin et al (1996), Meyer et al (1998), Qian & Woosley (1996),  Hoffman et al 
(1997),  Cardall & Fuller (1997), Otsuki et al (2000), Thompson et al (2001), Terasawa et al (2002), 
Liebendorfer et al (2005), Wanajo (2006), Arcones et al (2007), Huedepohl et al (2010), Fischer et al 
(2010), Roberts & Reddy (2012), etc., etc. 
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dr
ψν =

Ve +Vν
a −

δm2

4E
cos(2θ) Vν

b +
δm2

4E
sin(2θ )

Vν
b +

δm2

4E
sin(2θ) −Ve −Vν

a +
δm2

4E
cos(2θ)
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, 
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ψν

Two flavor mixing in matter with a high neutrino flux: 
 
 
 
 
 
 
 
 
 
 
 

  
  

θ      mixing angle  
δm2  mass difference squared 
E     neutrino energy 
Ve    effective potential due to matter 
Vν    neutrino self interaction potentials 
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Ve ≈
δm2

4E
cos(2θ )MSW flavor transition: 

x 
x x 

x 
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x 
x 

Collective flavor transformation: 

€ 

Vν ≈
δm2

4E
cos(2θ)



 collective oscillations and a supernova r-process: toy model 

No ν for T < 9×109 K 

No oscillations 

Test swap at seed assembly 

Test swap at alpha assembly 

Duan, Friedland, McLaughlin & Surman 
(2011) 

€ 

α

€ 

n

R Surman 
Union College 
INFO13 



 collective oscillations and a supernova r-process 
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 collective oscillations and a supernova r-process 
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€ 

s /k = 200
τ =18 ms

No ν for T9 < 9 

No oscillations 

Multiangle ν 
oscillation 
calculation 

Single angle ν 
oscillation 
calculation 
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compact object mergers 

e.g., Lattimer & Schramm (1974, 1976), Meyer (1989), Frieburghaus et al (1999), 
Goriely et al (2005), Argast et al (2004), Wanajo & Ishimaru (2006), Oechslin et al 
(2007), Nakamura et al (2011), Goriely et al (2012), Korobkin et al (2012) 

Animation credit: NASA/
SkyWorks 
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r-process in tidal tails of neutron star mergers 

Korobkin et al (2012) 
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 additional open questions 

(1)  light neutron-capture nuclei? 
 

Cowan et al (2011) 

Goriely et al (2012) 
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additional open questions 

(1)  light neutron-capture nuclei? 
 
(2)  r-process in the oldest stars? 

Data from SAGA 
database  
(2008, 2011),  
plot by M Mumpower galactic time  
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collapsars and black hole accretion disks (AD-BHs) 

e.g., Woosley (1993), Paczynski (1993), 
MacFadyen and Woosley (1999) 

AD-BH disk outflows have been 
studied in: 

e.g., Pruet, Thompson, & Hoffman (2004), 
Surman & McLaughlin (2004), Surman, 
McLaughlin, & Hix (2006), Metzger, 
Thompson, & Quataert (2008), Nakamura et 
al (2011), Wanajo & Janka (2012) 

jet (?) 

outflow 

ν 

accretion 
disk 
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black hole accretion disk neutrino emission 

Disk models from Chen and Beloborodov 
(2008), neutrino calculation from Surman and 
McLaughlin 

disk with free-streaming 
neutrino emission 

disk with trapped neutrinos 

p+νe ↔ n+ e+

n+νe ↔ p+ e−
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Fig. 4.— Shows nickel production as a function of
the entropy s/k of the outflowing material and the
mass accretion rate ṁ of the disk from which the
material originates. All trajectories shown have a
starting disk position of r0 = 100 km and wind
parameter β = 0.2, which corresponds to rapid
initial acceleration. The shaded regions indicate
mass fractions of 56Ni in excess of 0.5 (darkest
shaded region), 0.4, 0.3, 0.2, 0.1, 0.05, and less
than 0.05 (unshaded region).

3.1.1. ṁ ≥ 0.2

First we consider the nickel production in out-
flows from the AD-BHs with ṁ ≥ 0.2. In the out-
flow trajectories with s/k ≤ 20, the entropy is not
much higher than in the disk itself and so the ma-
terial retains some of the neutron richness of the
disk. In these cases, the neutron excess remain-
ing after alpha-particle assembly leads to neutron
captures on the alpha-capture chain nuclei, and
heavier isotopes of nickel predominate. Outflow
trajectories with s/k > 20 are sufficiently high in
entropy such that the neutron richness of the disk
is erased by positron capture in the outflow. The
most efficient production of 56Ni occurs just at this
transition between neutron-rich and proton-rich,
where Ye = 0.5; for the trajectories considered in
Fig. 4 this occurs when s/k ∼ 30. At even higher
entropies, the assembly into alphas is shifted to
later times, and the weak reactions on free nucle-
ons have more time to drive the material proton
rich. Therefore as we consider outflow trajectories
with various entropies, we find the higher entropy
cases produce higher Ye and thus less efficient pro-
duction of 56Ni.

3.1.2. ṁ < 0.2

The outflows from AD-BHs with ṁ < 0.2 dif-
fer slightly from the above picture. Disks with
lower mass accretion rates have lower central disk
temperatures and densities. The most important
effect of this for disks with 0.1 ≤ ṁ < 0.2 is that
the outflows have lower starting temperatures and
densities. This means the weak rates are not nec-
essarily fast enough for the electron fraction to
reequilibrate in the outflow prior to nuclear re-
assembly, and so the neutron richness of the disk
is retained to higher entropies. For the lowest
mass accretion rate disks considered in this work,
0.05 ≤ ṁ < 0.1, the central disk temperatures and
densities are sufficiently low that the composition
of the disk remains fairly balanced between neu-
trons and protons, as shown in Fig. 1. The out-
flows from these disks therefore have electron frac-
tions close to a half—and correspondingly strong
56Ni production—at lower entropies.

3.2. Variation with β

While the entropy per baryon in the outflow
plays a central role in setting the electron fraction,
another important ingredient is the time available
for each stage of the nucleosynthesis. In our out-
flow parameterization this is set by the wind pa-
rameter β, which determines the initial accelera-
tion of the outflow material. Fig. 5, similarly to
Fig. 4, shows the final mass fraction of nickel in
the outflowing material as a function of the mass
accretion rate ṁ of the AD-BH and the entropy
s/k in the outflow, for a sample set of trajectories
with starting disk position r0 = 100 km and wind
parameters β = 0.8, 1.4, 2.0, and 2.6. As shown in
Fig. 5, increases in β decrease the overall efficiency
of 56Ni production and, for high values of β, shift
the entropy per baryon s/k of the most efficient
production.

In order to understand the decrease in efficiency
with increasing β, consider that the most robust
56Ni production occurs when the outflow condi-
tions evolve (1) sufficiently rapidly at early times
to prevent the material from becoming too proton-
rich and (2) sufficiently slowly at late times to fa-
cilitate the complete conversion of alphas to 56Ni.
Small values of β correspond to rapid initial accel-
eration where the material quickly attains coast-
ing speed, while outflows with large values of β

5

nucleosynthesis from lower accretion rate disks: 56Ni  

Surman, McLaughlin, 
Sabbatino (2011) 
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black hole accretion disk neutrino emission 

  m =1
  a = 0     
νe

νe

Disk model from Chen and Beloborodov (2008),  
neutrino decoupling surface calculation by Surman and 
McLaughlin 
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black hole accretion disk neutrino emission 

  m = 3
  a = 0     
νe

νe
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Disk model from Chen and Beloborodov (2008),  
neutrino decoupling surface calculation by Surman and 
McLaughlin 
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Neutrino emission from black hole accretion disks (AD-BH) is similar to that 
from a PNS, but there are key differences: 

     � primarily νe and νe (vs. all flavors in a PNS) 

     � emission surfaces not spherical 

     � νe emission surface much larger than that for νe 

As a result, antineutrino emission can dominate over neutrino emission close 
to the disk, but neutrino emission can dominate farther out 

_ 

_ 
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vacuum terms 

matter 

neutrino self 
interaction 

Malkus, McLaughlin, Kneller, Surman 
(2012) 
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no oscillations 

single angle ν 
oscillation 
calculation 

Malkus, McLaughlin, Kneller, Surman 
(2012) 
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Malkus, McLaughlin, Kneller, Surman (2012) 
  

no oscillations 

single angle ν 
oscillation 
calculation 
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Surman, McLaughlin, 
Ruffert, Janka, Hix (2008) 
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Surman, McLaughlin, Ruffert, Janka, Hix 
(2008) 

low s/k,  
fast acceleration 

 
 
 
 
 
 

high s/k,  
slower acceleration 

v = v∞ 1−
R0
r

#

$
%

&

'
(
β

nucleosynthesis from a merger black hole accretion disk 

Assume an adiabatic wind with  
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general relativistic effects on the neutrino spectra 

Caballero, McLaughlin, Surman 
(2011) 

no GR 

redshift, bending  

+ rotation 

+ Kerr metric for 
redshift 

 
high s/k,  

slower acceleration 
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general relativistic effects on the neutrino spectra 

Caballero, McLaughlin, Surman 
(2011) 

no GR 

redshift, bending  

+ rotation 

+ Kerr metric for 
redshift 

 
low s/k,  

fast acceleration 
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nucleosynthesis from a time-dependent merger disk 

Disk model from H.-Th. Janka 
 
Neutrino decoupling surface 
calculation by L. Caballero 

t = 20 ms 

t = 60 ms 
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nucleosynthesis from a time-dependent merger disk 

t = 20 ms 

t = 60 ms 
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neutrino-only equilibrium electron fractions 

Caballero, McLaughlin, Surman, in preparation 



nucleosynthesis from a time-dependent merger disk: 56Ni 

Caballero, McLaughlin, Surman, in preparation 

with GR 
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nucleosynthesis from a time-dependent merger disk: 56Ni 

Caballero, McLaughlin, Surman, in preparation 

no GR 
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summary 

Neutrinos play a key role in heavy element synthesis in supernovae and 
black hole accretion disk outflows.  Neutrinos can: 

 -> set the initial neutron-to-proton ratio 

 -> determine free nucleon availability for capture after seed formation 
 
A careful treatment of the neutrino physics – including oscillations and 
general relativistic effects – is therefore essential to accurately predict 
nucleosynthetic outcomes in these environments 
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